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It is well known that when a laser is reflected from
a rough surface or transmitted through a diffusive
medium, a speckle pattern will be formed at a given
observation plane. Speckle is commonly produced by
laser beams with a homogeneous intensity, for which,
well-known relations have been derived, relating the
speckle size to the area of illumination. Here we inves-
tigate the speckle generated by higher-order Laguerre-
Gaussian (LG) modes, characterized by a non-uniform
intensity distribution of concentric rings.We show that
the ring-structure of the LG modes does not play any
role in the speckle size, which happens to be the same
as that obtained for a homogeneous intensity distribu-
tion. This allow us to provide with a simple expression
that relates the speckle size to the spot size of the LG
modes. Our findings will be of great relevance in many
speckle-based applications. © 2019 Optical Society of America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
As almost as early as the invention of the laser, an unexpected
phenomena was observed when a rough surface was illuminated
by a laser, the formation of a grainy structure of bright spots of
light and darkness: speckle. Interestingly, this phenomenon had
long been known by Newton but it was only after the invention
of highly coherent light sources that its observation became
more common. Incidentally, speckle can also be observed when
a laser is transmitted through a medium with random refractive
index fluctuations [1]. Even though in its origins laser speckle
was regarded as an undesired noise that should be removed,
specially for digital holography [2], it has turned into a powerful
optical tool that has found applications in fields, such as, optical
metrology, imaging or medicine, to mention a few [3–10]. The
speckle phenomena can be easily understood in terms of the
microscopic structure of the surface if we invoke the Huygens
principle [11, 12]. In essence, if the roughness of the illuminated
surface is in the order of the wavelength of illumination, its
height variations will induce random phase differences in the
scattered light. Hence, the optical wave at a given distance may
be considered as the superposition of a large number of coherent
wavelets, each arising from the various microscopic elements on
the surface, whose phases are in essence random. In this way,
the intensity of the scattered field will be constituted by the locus
of bright spots, of constructive interference, interlaced with dark
spots, of destructive interference.
In recent time, with the increasing development of novel tools
to engineer the structure of light in an almost unlimited fashion
[13], triggered by the many applications it spans [14–19], the
need for understanding the interaction of structured light with
scattering mediums has become obvious. For example, a proper
understanding of structured light through atmospheric turbu-
lence is of great relevance for free-space optical communications
[20–22]. An important parameter of speckle is its size, and up to
now, very little has been said in relation to this and the structure
of the illuminating source. Along this line, pioneering studies
have considered optical vortices, which, features a ring-like in-
tensity profile and an azimuthal phase distribution of the form
exp i`φ. Here ` ∈ Z, known as the topological charge, accounts
for number of times the phase wraps around the optical axis.
Incidentally, to these optical vortices is associated an amount
`h¯ of Orbital Angular Momentum (OAM) per photon [23]. In
these early studies, it was reported a decrease in the speckle
size associated to an increase on the topological charge. Here,
it was already suggested that the area of the ring-like intensity
illuminating the scattering surface, which increases with the
topological charge, was responsible for a decrease in the speckle
size [24]. Hence, the authors proposed an expression that re-
lates the ring-like area of the intensity to the size of the speckle,
which in essence suggest that the structure of the illuminating
area plays a role in determining the size of the speckle. Further
studies used optical vortices of constant size, so-called perfect
vortex beams, to corroborate that the decrease of speckle size is
complete unrelated to the topological charge [25].
Here, we consider a more general class of structured beams,
the set of Laguerre-Gaussian (LG`p) modes, characterized by a
complex intensity profile formed by p− 1(p ∈ N) concentric
rings of varying intensity and topological charge `, to establish
a general relation between the speckle size and the LG`p modes.
First, we show that as p and ` increase, the speckle size decreases,
even for the case ` = 0, which reinforces the idea that the OAM
does not influence the speckle size. More importantly, our study
evinces that the decrease in speckle size is uniquely determined
by an enlargement of the illuminated area rather than to the
complexity of the beam’s structure. This allow us to provide with
a specific expression that relates the speckle size to the modal
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indices p and `. To corroborate that the ring-like structure of the
modes does not play any role in determining the speckle size,
we compare our results with homogeneous-intensity apertures,
finding a perfect match between our theoretical expressions and
both illuminating structures.
To start with, let us remind that set of LG`p modes are given,
in the cylindrical coordinates (ρ, ϕ), by [26],
LG`p(ρ, ϕ, z) =
√
2p!
pi(|`|+ p)!ω2(z)
[√
2ρ
ω(z)
]|`|
L|`|p
[
2ρ2
ω2(z)
]
exp[i(2p+ |`|+ 1)ζ(z)] exp
[
− ρ
2
ω2(z)
]
exp
[−ikρ2
2R(z)
]
exp[−i`ϕ] exp[−ikz], (1)
where, L`p(x) are the generalized Laguerre Polynomials. The
radius of curvature R(z), the Gaussian beam radius ω(z) and
the Gouy phase ζ(z), are defined as,
R(z) = z
[
1+
( zR
z
)2]
, ω(z) = ω0
√
1+
(
z
zR
)2
,
and ζ(z) = arctan
(
z
zR
)
, (2)
respectively. Moreover, ω0 is the Gaussian beam waist at z = 0
and zR = piω20/λ is the Rayleigh range of the Gaussian mode.
To find the speckle size when a rough surface is illuminated
by a laser beam, as the one described by Eq. 1, we first have to
emphasize that speckles do not have a well defined size, all we
can do is to provide with the mean size. A common method to
compute this is through the normalized autocorrelation function
of the speckle intensity I(u, v) at a given observation plane zobs,
that is,
C(∆u,∆v) =
〈
I(u1, v1)I(u2, v2)
〉
, (3)
where, ∆u = u2 − u1, and ∆v = v2 − v1. Further, I(ui, vi),
i = 1, 2, is the intensity at two points in the observation plane
and
〈 · 〉 represents the spatial average over a large number
of speckles. The mean speckle size is then defined as the dis-
tance ∆r at which both intensities become uncorrelated to one
another. A mathematical expression for C(∆u,∆v), first derived
by Goodman [27], is given by,
C(∆u,∆v) =
〈
I
〉2
1+
∣∣∣∣∣∣∣∣∣
+∞∫∫
−∞
|P(x, y)|2 exp
[
i2pi
λzobs
(x∆u+ y∆v)
]
dxdy
+∞∫∫
−∞
|P(x, y)|2dxdy
∣∣∣∣∣∣∣∣∣
2 (4)
where P(x, y) represents the amplitude of the field incident on
the scattering surface. For the specific case of a unit amplitude
plane wave illuminating a circular region of radius r given by,
|P(x, y)|2 = circ
(√
x2 + y2
r
)
, (5)
Eq. 4 will reduce to [28],
C(∆u,∆v) =
〈
I
〉2 1+ r3
λzobs
∣∣∣∣∣∣
J1
(
2pir
λz
√
∆u2 + ∆v2
)
√
∆u2 + ∆v2
∣∣∣∣∣∣
2 , (6)
Fig. 1. (a) Circular aperture of radius r. (b) Intensity profile
of an LG`p mode of spot size radius σr, defined as the maxi-
mum radial distance containing all the intensity maximum. (c)
Transverse section of the intensity profile showed in (c).
where J1 is the Bessel function of the first kind and order 1. The
mean speckle radius of a speckle can then be taken as the value√
∆u2 + ∆v2 = ∆s for which J1(x) first becomes zero, which
happens when the argument is equal to 1.22pi. Hence, the mean
speckle diameter will be,
∆s =
1.22λzobs
2r
, (7)
This is a very famous relation that shows the average speckle
size increases linearly with the distance from the scattering sur-
face to the observation plane and decreases as the illuminated
area increases. To measure the speckle size generated by the
LG`p modes, we should, in principle, compute Eq. 4 with the
amplitude distribution P(x, y) given by Eq. 1. Nevertheless, as
we will demonstrate, the speckle size can be measured very ac-
curately by approximating the complex intensity distribution by
a circular aperture of uniform intensity (Eq. 5). For this, we have
to first compute the total area of the LG`p modes illuminating
the rough surface taking into account its increase with |`| and p
(see Fig. 1 (b)). This can be done through the generalized spot
size, which is defined as the maximum area to where the beam’s
intensity still has a significant value (and 1 (c)). Following this
definition, a mathematical expression for the radius σ of the spot
size can be derived by using the standard deviation as,
σ2(z) =
2
∫ 2pi
0
∫ ∞
0 ρ
2 I(ρ, ϕ, z)dρdϕ∫ 2pi
0
∫ ∞
0 I(ρ, ϕ, z)dρdϕ
, (8)
where, I(ρ, ϕ, z) is the intensity of the LG`p((ρ, ϕ, z) modes (Eq.
1). After computing both integrals, Eq. 8 reduces to [29],
σ(z) = ω(z)(2p+ |`|+ 1)1/2, (9)
Combination of Eq. 7 and Eq. 8 provides then with the diameter
of the mean speckle size for LG`p modes, namely,
∆s =
1.22λz f
2ω(z)(2p+ |`|+ 1)1/2 , (10)
which is a very simple expression that relates the speckle size to
the spot size of the LG`p modes.
In order to prove the validity of Eq. 10, we performed an ex-
perimental corroboration using the experimental setup depicted
in Fig. 2. A continuous wave (CW) laser beam at λ = 532 nm
was expanded, using lenses L1 ( f = 25mm) and L2 ( f = 150mm),
to approximate a flat wave front and directed onto a Spatial Light
Modulator (SLM, Holoeye Pluto 1920x1080, 8µm pixel size) lo-
cated at the plaze z = 0. The LG`p modes were encoded on the
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Fig. 2. Schematic representation of the experimental setup
implemented to measure the mean speckle size. M: Mirror,
SLM: Spatial Light Modulator, L1-L4: Lens, P: Pinhole, CCD:
Charge-Coupled Device camera. The insets illustrate the inten-
sity profile of the beams illuminating the ground glass at the
plane z = 0.
SLM using a complex amplitude modulation approach [13, 26].
The beam waist for all LG`p modes was chosed as ω0 = 300µm.
Afterwards, the modes encoded on the SLM were expanded
two times and imaged onto the plane of the scattering surface,
a ground glass plate, using a 4f imaging system composed of
lenses L3 ( f = 100mm) and L4 ( f = 200mm). The purpose of
the image system is to relay the plane z = 0 to the plane where
the ground glass in placed, in other words, it allows us to use
ω(z) as ω0. In addition, a spatial pinhole placed between L3 and
L4 enabled the removal of higher diffraction orders. Figure 3(a)
show the intensity distribution of a subset of 36 LG`p modes, gen-
erated by combinations of ` ∈ [0, 5] and p ∈ [0, 5]. The images
were recorded with a Charge-Couple Device (CCD) camera (6.5
µm pixel size) at the plane z = 0, the plane of the ground glass,
where we corroborated their spot size experimentally. As can
be seen, their spot size increases with p and `, as predicted by
Eq. 9. In order to confirm that indeed, the structure of the beam
does not influence the speckle size, we also encoded on the SLM
a set of 36 apertures with homogeneous intensity and radius
r = ω0
√
2p+ |`|+ 1. Figure 3(b) shows their recorded intensi-
ties at the plane z = 0, for comparison with the LG modes they
have been labeled using the modal indices p and ` to indicate
that their spot size is identical.
The speckle intensity generated by the ground glass was then
recorded at a distance L from the scattering surface using the
same CCD camera. Figure 3(c) show the speckle obtained LG`p
modes, which clearly shows a decrease in size as ` increases
while keeping p constant (see Fig. 3(c), rows). A similar be-
haviour is observed for increasing values of p while keeping
` constant (see Fig. 3(c), columns). For comparison, Fig. 3(d)
shows the speckle recorded when the homogeneous-intensity
aperture illuminates the ground glass, again, the images are
labeled using the modal numbers p and`. Crucially, the speckle
produced by both sets is almost identical, being impossible to
discern which was generated with the apertures and which with
the LG`p modes. Nevertheless, a quantitative measure is required
to compare the speckle size in both cases.
To measure the mean speckle size ∆s, we performed a nu-
merical autocorrelation of each speckle image with itself. Figure
4(a) shows an example of such a speckle image, while Fig. 4(b)
shows a 3D image of the autocorrelation, clearly showing a
central peak, which correspond to the complete overlapping of
speckle. Figures 4(c) and 4(d) show a transverse plot of the 3D
Fig. 3. (a) Intensity profile for a set of apertures with varying
radius r. (b) Intensity profile of the subset of LG`p modes given
by combinations of p ∈ [0, 5] and ` ∈ [0, 5]. (c) Speckle inten-
sity produced by the intensity distribution of the apertures in
(a). (d) Speckle intensity produced by the LG`p showed in (b).
autocorrelation image along the x and y axis, respectively. From
each autocorrelation plot, we measure the speckle size as the full
width at half-maximum (FWHM), and averaged along both di-
rections. Our main results are presented in Fig. 5 where we plot
the speckle size as function of the mean spot-size diameter. Here
we are comparing both cases, the aperture with homogeneous
intensity and the LG`p modes. Here, we only show three cases of
interest: the case p = 0 and ` ∈ [0, 5] (Fig. 5(a)) the case ` = 0
and p ∈ [0, 5] (Fig. 5(b)) and the general case where both, ` and p
are non zero (Fig. 5(c)). In all cases, the solid line represents the
speckle size as function of the spot size, as predicted from the
theory given by Eq. 7 and 10, with r = w0
√
2p+ |`|+ 1. Notice
the high resemblance between the theoretical curve, and the
experimentally measured spot size for both the aperture and the
LG`p modes, proving that indeed the speckle size only depends
on the illuminated area and not the shape of the same.
In conclusion, we analyzed the speckle produced by higher-
order Laguerre-Gaussian modes, characterized by a non-
homogeneous intensity distribution, and demonstrated that the
mean speckle size is independent of the intricate structure of the
modes, as suggested by previous studies. We further provide
with a mathematical expression that relates the mean speckle
size with the modal number of the LG`p modes. This expression
was derived under the assumption that the illuminated area has
a homogeneous intensity, we performed an experimental corrob-
oration showing a good agreement between our mathematical
expression and the experimentally measured speckle size. To
further support our results, we performed additional experi-
ments, where a circular aperture of homogeneous intensity was
used as the illuminating source. Crucially, the speckle size gen-
erated with the LG`p modes matches with very high accuracy the
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Fig. 4. (a) Example of an speckle pattern. (b) 3D autocorrela-
tion of the speckle shown in (a). Transverse profile of the 3D
autocorrelation shown in (b) along the x (c) and y (d) direction.
speckle size generated with the homogeneous-intensity aperture
and to our proposed mathematical expression. These findings
will be of great relevance in speckle-based applications as they
path the way into the use of more complicated structured beams.
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